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We present a new measurement of the t neutrino helicity hnt and the t Michel parameters r, h,
j, and the product dj. The analysis exploits the highly polarized SLC electron beam to extract these
quantities directly from a measurement of the t decay spectra, using the 1993 –1995 SLD data sample
of 4328 e1 e2 ! Z 0 ! t 1 t 2 events. From the decays t ! pnt and t ! rnt we obtain a combined
value hnt  20.93 6 0.10 6 0.04. The leptonic decay channels yield combined values of r  0.72 6
0.09 6 0.03, j  1.05 6 0.35 6 0.04, and dj  0.88 6 0.27 6 0.04. [S0031-9007(97)03314-0]
PACS numbers: 13.35.Dx, 12.15.Ji, 13.88. + e, 14.60.Fg

We present a study of the fundamental structure of the
charged weak current by investigating the energy spectra of
decay products of polarized t leptons at the Z 0 resonance.
We measure the t neutrino helicity and decay Michel
parameters, which are related [1,2] to the couplings in
W ! tnt . The t decay spectra are determined by the
nature of the decay [3] and the spin polarization of the taus.
Pt scos u, Pe d ;

At s1 1 cos2 ud 1 2 cos usAe 2 Pe dys1 2 Ae Pe d
dsR yd cos u 2 dsL yd cos u
2
,
dsR yd cos u 1 dsL yd cos u
s1 1 cos2 ud 1 2 cos uAt sAe 2 Pe dys1 2 Ae Pe d

where u is the polar angle of the t 2 st 1 d with respect
to the incident e2 se1 d direction, Pe is the e2 beam
polarization, and Ae and At [4] are the e2 and t
parity-violation asymmetry parameters. This expression
is plotted in Fig. 1 for Pe  0 and 60.8. Experiments
without beam polarization have relied on spin correlations
between the final state taus [5–8] for measuring the
magnitude of the parameters described above, or the
hadronic structure function to measure both the magnitude
and the sign of hnt [9,10]. At the SLC, Pt is largely
determined by the beam polarization and the production
angle, as seen in Fig. 1. Therefore, this allows a direct
measurement using all individual identified t decays
and, unlike the correlation methods, provides the sign as
well as the magnitude of all the polarization-dependent
parameters. This is the first such measurement to be
performed with polarized beams.
We study the energy spectra of pions, rho mesons,
electrons, and muons from t decays. In the case of a twobody decay, such as t ! pnt or t ! rnt , the decay
spectrum in the t rest frame is monoenergetic, so the
boosted energy of the p or r meson directly reflects the
rest frame decay angle. In the case of a three-body decay,
4692

Tau pairs are produced with high longitudinal polarization
in collisions of highly polarized electrons with positrons at
the SLC.
In e1 e2 ! t 1 t 2 , final state t polarization results
both from incident beam polarization and from parity
violation of the Z 0 couplings. Neglecting g exchange and
g 2 Z 0 interference, we can write the t polarization as

(1)

such as t ! mn m nt or t ! en e nt , the boosted lepton
energy reflects both the decay angle and energy in the
rest frame. In all cases, we can express the laboratory
energy spectrum in two parts, a polarization-independent
part and a part that changes sign depending on the
handedness of the t: dGsz, Pt d ~ f fszd 1 z Pt gszdgdz.

FIG. 1. t polarization vs production angle with and without
e2 beam polarization.
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High Pe provides enhanced sensitivity to the polarizationdependent parameters.
For the t ! pnt mode, z is the pion energy scaled by
the t energy sz  Ep yEt d, and fszd and gszd are given by
fp szd  1,

gp szd 

2z 2 1 2 mp2 ymt2
,
1 2 mp2 ymt2

(2)

and z can be interpreted as hnt , the helicity of the nt .
The r meson can exist in one of two helicity states.
In order not to reduce the sensitivity in the t ! rnt
decay mode, it is necessary to spin analyze the r-meson
decay products, as discussed in Refs. [11,12]. Thus z
represents a set of three variables: u p , the decay angle
of the r meson in the t rest frame; c, the decay angle
of the charged p in the r-meson rest frame; and mr ,
the mass of the r meson. In the following we use for
the t ! rnt decays the notation introduced in Ref. [13],
dG ~ f1 1 z Pt vsu p , c, mr dgdv, where vsu p , c, mr d is
the ratio between the polarization-dependent term and the
polarization-independent term.
In the case of the lepton decay modes, we can describe
the energy spectrum with the Michel parameters [14]
r, h, j, and dj. These parameters were originally
conceived to describe m decay. They describe the energy
and angular spectra of the resultant lepton with respect to
the initial parent spin direction. Here the parameters r
and h appear in the polarization-independent term, while
j and dj describe the polarization-dependent behavior.
Terms proportional to m,2 yEt2 may be neglected. Then
with z  E, yEt , we obtain the following spectrum for
t ! ,n , nt :
f, szd  2 2 6z 2 1 4z 3 1 r
1h
µ

4
s21 1 9z 2 2 8z 3 d
9

m,
s12 2 24z 1 12z 2 d ,
mt

∂
2
8 3
z g, szd  j 2
1 4z 2 6z 2 1
z
3
3
4
1 dj s1 2 12z 1 27z 2 2 16z 3 d .
9

(3)

These decay spectra are combined with the production
cross sections to yield inclusive distributions which can
be written as
1 d 2 ssz, cos u, Pe d
~ fszd 1 z Pt scos u, Pe dgszd . (4)
s
dzd cos u
For t 1 decays, the sign of the polarization-dependent
term is reversed due to the opposite helicity of the
antineutrino. The normalization s in general depends on
the decay parameters.
The results reported here are based on the data collected
by SLD during the period 1993–1995 at a center of mass
energy of 91.2 GeV. The 1993 run accumulated an integrated luminosity of 1.78 pb21 with an average e2 beam
polarization of s63.0 6 1.1d%, and the 1994–1995 run
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accumulated 3.66 pb21 with an average polarization of
s77.2 6 0.5d%. A general description of the SLD can be
found elsewhere ([15], and references therein). Charged
particle tracking and momentum analysis are provided by
the central drift chamber (CDC) and the charge-coupled
device (CCD)-based vertex detector (VXD) in an axial
magnetic field of 0.6 T. Particle energies are measured in
the liquid argon calorimeter (LAC), which is segmented
into projective towers with separate electromagnetic (EM)
and hadronic sections. The measured energy and the
shape of the energy flow are used for particle identification. Additional particle identification is provided by the
Čerenkov ring-imaging detector (CRID), and muons are
identified in the warm iron calorimeter (WIC).
The initial selection of t-pair candidates is based on
the multiplicity, momentum, and direction of tracks in the
CDC, and on properties of EM showers in the calorimeter,
resulting in a sample of 4328 events with a purity of 98%
and an efficiency of 80% in the fiducial region j cos uj ,
0.74. The background contamination and efficiency of
the event selection and decay identification (described
below) were estimated and parametrized using a Monte
Carlo (MC) simulation. Details on the event selection
and simulation are given in Ref. [15]. These events
are divided into hemispheres by the plane normal to
the event thrust axis, and the hemispheres are treated
independently. Any pair of oppositely charged tracks
which is consistent with originating from a g conversion
is removed. Hemispheres are then required to contain
exactly one track, and the track is required to have at least
one hit in the VXD to improve momentum resolution.
The selection of t ! mn m nt in the region j cos uj ,
0.62 is performed by associating WIC hits with CDC
tracks. In the region 0.62 , j cos uj , 0.74, shower information from the LAC is used instead. A minimum
track momentum of 1.6 GeVyc is required. This results
in a sample of 1143 tracks identified as muons, with an estimated selection efficiency of 72% within the acceptance,
and an estimated purity of 94%. The background comes
from m pairs (2%), 2g events (0.8%), and misidentified t
decays (3.2%).
For selection of t ! en e nt the LAC energy deposition
must be consistent with that of an electron, or the
electron must be identified by the CRID. The momentum
of the track must be greater than 1.6 GeVyc, and a
quasi-invariant mass calculated using track momentum
and LAC energy clusters is required to be less than
0.5 GeVyc2 . This results in a sample of 948 identified
electron tracks with an estimated efficiency of 63% within
the acceptance and an estimated purity of 96.4%. The
background to this mode is composed of Bhabha and 2g
events and misidentified t decays at the levels of 0.8%,
0.8%, and 2%, respectively.
For the t ! pnt selection, we first reject electron and
m candidates. Then a candidate is required to have track
momentum greater than 3 GeVyc, and no EM clusters
within 10± of the thrust axis that are not associated with
4693
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a CDC track. Here the calculated quasi-invariant mass
is required to be less than 0.3 GeVyc2 , and additional
criteria are imposed based on the ratio of LAC energy to
track momentum. No attempt is made to separate kaons
from pions, and a small correction is made in the analysis
for the effect of the larger kaon mass. This selection
provides a sample of 558 tracks identified as t ! pnt ,
with an efficiency of 58% within the angular acceptance.
The purity of the sample is approximately 79% where the
main contamination sources are r-meson, e, and m decay
channels at the rates of 13%, 5%, and 1.4%, respectively.
The non-tau background is estimated to be less than 0.5%.
Events not selected as leptons or pions are candidates
for t ! rnt decays. Hemispheres are then categorized
according to the number of EM clusters found within 20±
of the event thrust axis, and according to whether such
clusters are associated or unassociated with the charged
track in the corresponding hemisphere. The charged track
momentum and the EM cluster energies are used to
calculate a r-meson energy and its invariant mass, and
the mass is required to fall in the range between 0.44
and 1.2 GeVyc2 . This selection results in a sample of
1295 identified r-meson decays, with an efficiency of
60% over the fiducial region. The purity of the sample is
approximately 76%, where the background is dominated
by decays to p2p ± (14.7%), K p (2.4%), and single p or
K (2.4%). The non-tau background is estimated to be less
than 0.3%.
In Fig. 2(a), the energy spectrum of t ! pnt decays
is plotted separately for different combinations of the production angle and the sign of Pe . For left-handed incident
e2 and t 2 emitted at forward polar angles, or for righthanded beam and t 2 in the backward region, the t 2 are
predominantly left handed and the p energy spectrum is
expected to be relatively soft. For the two opposite combinations of Pe and cos u, the spectrum should be harder
since the decaying t 2 are predominantly right handed.
Figure 2(c) shows the same comparison for the t ! rnt
decays. The difference is expected to be less obvious for
the three-body decays t ! ,n , nt , but is still quite visible in Fig. 2(b). These plots also demonstrate the good
agreement between data and MC, as well as the low and
helicity-symmetric backgrounds.
The nt helicity and the Michel parameters r, h, j,
and dj are determined using a maximum likelihood fit
to the t production angle and the energy spectra of the
decay channels t ! pnt and t ! ,n , nt (v spectrum
for t ! rnt ). The following expression is minimized:
æ
X Ω1
d2s
W  22
ln
.
(5)
s d cos udz
decays
The sum in Eq. (5) runs over all t ! en e nt , t !
mn m nt , t ! rnt , or t ! pnt candidates. The fit
function includes effects of g exchange and g 2 Z 0
interference, radiation, detector resolution, efficiency, and
backgrounds. The dependence of MC efficiencies and
4694
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FIG. 2. (a) t ! pnt , (b) t ! ,n , nt , and (c) t ! rnt
decay spectra. The solid squares (line) represent the sum of the
measured (MC) spectra for t decays in the forward direction
with Pe , 0 and in the backward direction with Pe . 0, and
the open squares (dashed line) are the measured (MC) sum of
the spectra for t decays in the backward direction with Pe , 0
and in the forward direction with Pe . 0. The hatched regions
represent the estimated backgrounds in the two combinations.
The MC was generated with the SM values for the t decay
parameters.

backgrounds on z (v) and cos u is parametrized using
low order polynomials. The effect of initial and final state
radiation is determined from the ratio of the spectrum for
MC events generated using KORALZ 4.0 [16] (including
radiation) to the spectrum for the Born level cross
sections. Effects of detector resolution are studied using
MC for each input variable (i.e., track momentum or v,
and t direction). Fits to multiple Gaussians are performed
TABLE I.

Selection
Background
K fraction
Rad. corr.
Resolution
Beam Pe
Ae , At [4]
TOTAL

Systematic uncertainties (in units of 1022 ).
hnp

hnr

0.7
1.1
0.8
0.5
1.3
0.9
0.7
2.4

2.7 2.7 4.5 13.8 2.6 4.3 4.4
1.3 1.2 13.3 41.7 1.1 13.1 0.7

2.0
6.3

0.4
1.5
0.6
0.8
3.5

0.1
2.9
0.4
0.8
7.2

re

rm

hm

0.4 0.4 0.8
3.8 2.6 5.1
1.6 0.4 4.5
0.3 0.2 1.4
5.1 14.3 44.5

je

jm

0.2 0.1
4.9 2.2
0.9 2.1
1.6 2.4
5.9 14.4

dj e dj m

0.2
5.9
0.7
1.6
7.6

VOLUME 78, NUMBER 25

PHYSICAL REVIEW LETTERS

23 JUNE 1997

TABLE II. The measured hnt and Michel parameters including statistical and systematic
errors, given by decay channel and as combined results, compared with the standard model
(SM) predictions.
SM

t ! pnt

t ! rnt

Hadrons combined

hnt

21

20.81 6 0.17 6 0.02

20.99 6 0.12 6 0.04

20.93 6 0.10 6 0.04

t ! en e nt

t ! mn m nt

t ! ,n , nt combined

r
h
j
dj

3
4

0
1
3
4

0.71 6 0.14 6 0.05
1.16 6 0.52 6 0.06
0.85 6 0.43 6 0.08

0.54
20.59
0.75
0.82

to model both the core and tails of the resolution
distributions, and these functions are convoluted with the
theoretical expression. Since the spectra are different for
decays of left- and right-handed taus, all the correction
functions are divided into four categories corresponding to
combinations of positive or negative e2 beam polarization
and the forward or backward half of the detector. In
all cases the analytic functions are required to be good
representations of the MC distributions.
These measurements are dominated by statistical errors.
Table I summarizes the systematic errors. To investigate
these, the parametrizations described above are modified
by their uncertainties as determined from the MC, the fit
is redone to obtain new values of hnt , r, h, j, and dj,
and changes in the fitted values are taken as the systematic
errors. The validity of these errors has been checked
by comparing data and MC distributions, for example, of
cluster energies, number of associated and unassociated
clusters, and p 0 and r-meson reconstructed masses. The
observed number of events and the calculated efficiencies
and backgrounds are consistent with measured branching
ratios [2]. The uncertainty in the fraction of kaons in
the t ! pnt sample affects the correction for the kaon
mass. The errors on radiative corrections are dominated
by MC statistics. The beam polarization uncertainties
are as quoted above. Each error listed in Table I may
include several related contributions. These errors are
combined taking into account any correlation between the
input parameters.
The measured values for hnt and the Michel parameters r, h, j, and dj are given in Table II. For the
combined t ! ,n , nt fit the correlation coefficients
are Cr2j  0.06, Cr2dj  0.03, and Cj2dj  0.08,
while for t ! mn m nt the h m and r m parameters are
highly correlated (0.92). Note that h could not be
measured separately for t ! en e nt due to the small
me ymt term. One could improve the h measurement by including the t ! en e nt data and assuming
universal couplings for e and m in the charged current. In this case we get r  0.69 6 0.13 6 0.05,
h  20.13 6 0.47 6 0.15, j  1.02 6 0.36 6 0.05,
and dj  0.87 6 0.27 6 0.04. However, this assumption is inconsistent because generally a nonzero value for
h would imply r to be nonuniversal [1].

6
6
6
6

0.28
0.82
0.50
0.32

6
6
6
6

0.14
0.45
0.14
0.07

0.72 6 0.09 6 0.03
1.05 6 0.35 6 0.04
0.88 6 0.27 6 0.04

The results are consistent with the V 2 A predictions
and are in good agreement with other experimental results
[5–10]. This is the first measurement using beam polarization, and we have measured not only the magnitude
but also the sign of all pseudoscalar and parity violating
quantities. Because of the unique method, significant new
measurements have been derived from a relatively small
number of events. One can also interpret the results
from leptonic decay channels [17] as hnleptons
 20.96 6
t
0.19 6 0.03, and combined with the hadronic decay channels one obtains hnlept1had
 20.94 6 0.09 6 0.03.
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